In this work, the interaction between dislocation loop (DL) and coherent twin boundary (CTB) in a body-centered cubic (BCC) tantalum (Ta) film during nanoindentation was investigated with molecular dynamics (MD) simulation. The formation and propagation of <111> full DLs in the nanotwinned (nt) Ta film during the indentation was observed, and it was found that CTB can strongly affect the stress distribution in the Ta film, and thus change the motion and type of dislocations. There are three kinds of mechanisms for the interaction between DL and CTB in a twinned BCC Ta film: (i) dislocation absorption, (ii) dislocation desorption, and (iii) direct slip transmission. The nucleation of twin boundary dislocations and the formation of the steps in CTB were also observed during the indentation. The mechanisms presented in this work can provide atomic images for understanding the plastic deformation of BCC metals with mirror-symmetry grain boundary structures, and provide available information for the evaluation and design of high-performance nt BCC metallic thin film coatings.
Introduction
Metallic thin film coatings have attracted considerable attention due to their unique physical, mechanical and thermal properties [1] [2] [3] , such as high strength, high hardness and high melting point, etc. Due to these excellent properties, metallic thin film coatings have been widely used in modern industry. The design, evaluation and application of the thin film coatings require a detailed characterization of their mechanical properties, such as hardness and strength, as well as the underlying deformation mechanisms. Nanoindentation test is an effective method to characterize the mechanical properties of materials, especially suitable for small volumes of material or tiny components. In the existing researches of the nanoindentation for the mechanical properties and plasticity of metallic thin film coatings, attention was mainly paid to face-centered cubic (FCC) metals [3] [4] [5] [6] [7] . For example, Fu et al. [3, 6] analyzed the effects of coherent twin interfaces on the mechanical properties and hardening behavior of Cu/Ni multilayers under nanoindentation. Zhou et al. [4] investigated the effects of hydrogen charging on the mechanical response of FCC Ni and Pd under nanoindentation. Less progress related to the responses and plastic deformation of body-centered cubic (BCC) metals (e.g., Tantalum (Ta)) subjected to nanoindentation can be found in the literature. Recently, some researchers [8] [9] [10] performed the nanoindentation on single crystal Ta using molecular dynamics (MD) simulations, in which they found the formation of dislocation loops (DLs) and clarified the plastic deformation of Ta.
It is known that grain boundaries (GBs) may play a crucial role in the mechanical properties and plastic deformations of nanocrystalline materials. These planar defects can act as sinks and sources of dislocations, and hinder the motion of dislocations [11, 12] . Coherent twin boundary (CTB) can be regarded as one of the most common GBs in NC materials, which has the lowest GB energy in most cases and can greatly improve the performance of materials, such as strength, hardness and ductility, etc. [13] [14] [15] [16] [17] . Recently, the nucleation of DLs on the CTB of nanotwinned (nt) Ta under shear stress was studied by Sandoval et al. using MD simulations [18] , but how a DL interacts with the CTB in the nt BCC metal is still unclear. Thus, it should be essential and significant to explore the underlying mechanisms of the interaction between incident DL and CTB to understand the plastic deformation of the BCC metals with mirror-symmetry GBs. Since it has been proven that nanoindentation is a suitable means to investigate the plastic deformations of nano-materials [19] [20] [21] , in this article, we will perform nanoindentation on nt-Ta films with MD simulation to gain an insight into the DL-CTB interaction. To shed light on the interaction between indentation-induced DLs and CTB, we assume that the simulation model is initially defect-free in this work. In Section 2, a detailed simulation approach is introduced. In Section 3, we present and discuss the results obtained in the simulation, and try to identify the interaction mechanisms. Conclusions are drawn in Section 4.
Methods
The embedded atom method (EAM) developed by Daw et al. [22] has been widely adopted to study the defects and their evolution [23] , dislocation-CTB interaction [13, 24, 25] , and deposition and growth problems [26] in metals and alloys. In the MD simulation for the nanoindentation on nt-Ta films, EAM potential [22] is employed and the parameters suggested by Ravelo et al. [27] are adopted. The potential can well describe the deformation of Ta under nanoindentation [10] and reproduce the tilted GBs and twin structures in Ta [28] . The setup for the simulation is shown in Figure 1 , which contains a sample and a fictitious indenter. The size of the sample is 31.3 nm, 31.4 nm and 48.5 nm in x, y and z directions, and the x, y and z directions correspond to the lattice orientations of [110] , [111] and [112] , respectively. The sample contains three CTBs, and the thickness of each twin or matrix layer is 12 nm. During the indentation, the atoms in the bottom three layers are fixed as boundary atoms to prevent the sample from shifting, and the atoms in the rest layers are kept at a constant temperature with a Langevin thermostat [29] as thermostat atoms. The motion of the thermostat atoms follows the classical Newton's second law, and hence these atoms are called Newtonian atoms. Periodic boundary conditions are imposed in both x and y directions. The time step is set as 1 fs in the simulation. Before indentation, the conjugate gradient (CG) algorithm is applied to optimize the structure. Then, the sample is relaxed at 10 K using a Nose-Hoover (NPT) thermostat for 40 ps to reach a thermal equilibrium state. To our knowledge [30] [31] [32] [33] [34] , the relaxation time of 40 ps is sufficiently long for a sample to an equilibration state. For example, Fu et al. [33] relaxed the nanotwinned vanadium nitride at T = 300 K for 30 ps. As the time step for MD simulations is of fs, high indentation speed of 10-100 m/s is commonly used to perform MD nanoindentation simulations [35] [36] [37] [38] [39] . For example, Zhang et al. [38] perform MD nanoindentation with the speed of 100 m/s. Gao et al. [39] studied the influence of the indentation speed on the results in their simulations of nanoindentation on Fe using the indentation speed spanning from 10 to 100 m/s, and found no significant influence on the main results. It should be noted that in the simulation for the nanoindentation on Ta with the speed spanning from 3.4 to 34 m/s [10] showed that the variation of the indentation speed in this range has insignificant influence on the results. Inspired by the above work, we choose the indentation speed of 30 m/s in our simulation for the nanoindentation, which is performed at 10 K with a fictitious spherical indenter of 60 Å, and the indentation time is 180 ps, and the maximum indentation depth is 52 Å, which is enough for studying the interaction between twin boundary and indentation induced dislocations. The code OVITO [40] is employed to visualize the simulation results. Crystal defects are identified with the polyhedral template matching (PTM) [41] and the dislocation extraction algorithm (DXA) [42] , of which PTM can identify simple local lattice structures (FCC, BCC, HCP, etc.), and DXA can identify dislocations, determine their Burgers vectors, and output dislocation lines. In the following, BCC, FCC and hexagonal close-packed (HCP) structures will be indicated with blue, green and red, respectively; the <111> type and <100> type dislocations will be indicated with green and pink lines, respectively, and Burger's vectors will be represented with blue arrows. Figure 2 shows the evolution of the microstructure in the sample under indentation, detected with DXA, where it can be seen that <111> DLs form beneath the indenter, grow and propagate during the progress of the indentation, which is consistent with that reported by Goel et al. [8] and Remington et al. [8, 9] . This kind of DL is different from that in FCC metals. As we know, the DL in a FCC metal consists of two partial dislocations separated by a stacking fault, while that in the BCC metal is only a full <111> dislocation. This difference may lead to different mechanisms of DL-CTB interaction. The code OVITO [40] is employed to visualize the simulation results. Crystal defects are identified with the polyhedral template matching (PTM) [41] and the dislocation extraction algorithm (DXA) [42] , of which PTM can identify simple local lattice structures (FCC, BCC, HCP, etc.), and DXA can identify dislocations, determine their Burgers vectors, and output dislocation lines. In the following, BCC, FCC and hexagonal close-packed (HCP) structures will be indicated with blue, green and red, respectively; the <111> type and <100> type dislocations will be indicated with green and pink lines, respectively, and Burger's vectors will be represented with blue arrows. Figure 2 shows the evolution of the microstructure in the sample under indentation, detected with DXA, where it can be seen that <111> DLs form beneath the indenter, grow and propagate during the progress of the indentation, which is consistent with that reported by Goel et al. [8] and Remington et al. [8, 9] . This kind of DL is different from that in FCC metals. As we know, the DL in a FCC metal consists of two partial dislocations separated by a stacking fault, while that in the BCC metal is only a full <111> dislocation. This difference may lead to different mechanisms of DL-CTB interaction. The code OVITO [40] is employed to visualize the simulation results. Crystal defects are identified with the polyhedral template matching (PTM) [41] and the dislocation extraction algorithm (DXA) [42] , of which PTM can identify simple local lattice structures (FCC, BCC, HCP, etc.), and DXA can identify dislocations, determine their Burgers vectors, and output dislocation lines. In the following, BCC, FCC and hexagonal close-packed (HCP) structures will be indicated with blue, green and red, respectively; the <111> type and <100> type dislocations will be indicated with green and pink lines, respectively, and Burger's vectors will be represented with blue arrows. Figure 2 shows the evolution of the microstructure in the sample under indentation, detected with DXA, where it can be seen that <111> DLs form beneath the indenter, grow and propagate during the progress of the indentation, which is consistent with that reported by Goel et al. [8] and Remington et al. [8, 9] . This kind of DL is different from that in FCC metals. As we know, the DL in a FCC metal consists of two partial dislocations separated by a stacking fault, while that in the BCC metal is only a full <111> dislocation. This difference may lead to different mechanisms of DL-CTB interaction. It can be seen in Figure 2a that with the increase of the indentation depth, h, a DL moves along the <111> direction towards the CTB, and then contacts the CTB (Figure 2b ). In Figure 2b the CTB acts as a barrier that hinders the expansion of the DL. With the further increase of h, more DLs moving towards the CTB are obstructed by and interact with the CTB, as shown in Figure 2c -f. In Figure 2c , the <111> DL is absorbed into the CTB, which, together with Figure 2a ,b, can generally be regarded as dislocation absorption by CTB. With the continuation of indentation, new <111> DLs nucleate from the other side of the CTB, as shown in Figure 2d . The process between Figure 2c ,d can be referred to as slip transmission. It is interesting in Figure 2e ,f that when two DLs contact and are absorbed by the CTB, new <111> and <001> dislocations nucleate and grow. We call this phenomenon desorption of dislocations. The processes of dislocation absorption, desorption and direct slip transmission in the nt BCC metal films are somewhat similar to that in nt FCC metals [25, 43, 44] , which are generally referred to as slip transfer [45] . Figure 3 shows the evolution of the atomic configuration related to DL-CTB interactions in the nt-Ta film under nanoindentation, detected by PTM, where the atoms in BCC structure have been removed for clarity. It can be seen in Figure 3a that an incident <111> full DL, which contains screw and edge components, moves towards the CTB. Although it has not yet touched the CTB, the change in the local structure of the CTB in the moving direction of the DL can be observed. With the increase of h, the edge components contact and react with the CTB, resulting in the absorption of dislocations, the migration of the CTB and the formation of steps (Figure 3b,c) , while the screw components merge and annihilate, leading to the pinch-off and release of the DL (see Figure 3c, It can be seen in Figure 2a that with the increase of the indentation depth, h, a DL moves along the <111> direction towards the CTB, and then contacts the CTB (Figure 2b ). In Figure 2b the CTB acts as a barrier that hinders the expansion of the DL. With the further increase of h, more DLs moving towards the CTB are obstructed by and interact with the CTB, as shown in Figure 2c -f. In Figure 2c , the <111> DL is absorbed into the CTB, which, together with Figure 2a ,b, can generally be regarded as dislocation absorption by CTB. With the continuation of indentation, new <111> DLs nucleate from the other side of the CTB, as shown in Figure 2d . The process between Figure 2c ,d can be referred to as slip transmission. It is interesting in Figure 2e ,f that when two DLs contact and are absorbed by the CTB, new <111> and <001> dislocations nucleate and grow. We call this phenomenon desorption of dislocations. The processes of dislocation absorption, desorption and direct slip transmission in the nt BCC metal films are somewhat similar to that in nt FCC metals [25, 43, 44] , which are generally referred to as slip transfer [45] . Figure 3 shows the evolution of the atomic configuration related to DL-CTB interactions in the nt-Ta film under nanoindentation, detected by PTM, where the atoms in BCC structure have been removed for clarity. It can be seen in Figure 3a that an incident <111> full DL, which contains screw and edge components, moves towards the CTB. Although it has not yet touched the CTB, the change in the local structure of the CTB in the moving direction of the DL can be observed. With the increase of h, the edge components contact and react with the CTB, resulting in the absorption of dislocations, the migration of the CTB and the formation of steps (Figure 3b,c) , while the screw components merge and annihilate, leading to the pinch-off and release of the DL (see Figure 3c, To further study the dislocations-CTB interaction, we show in Figure 4 the sliced atomic configurations on the (110) planes of the sample during nanoindentation. In Figure 4a Figure 4a . Then, the dislocations approaching the CTB are blocked and react with the CTB. As can be seen in Figure 4b (h = 27.95 Å), the blocked dislocation is absorbed by the CTB, resulting in the migration of a segment of the CTB and the formation of a step. It should be noted that at this moment, the dislocation is stored in the CTB, and does not glide into the lower layer. When h = 36.95 Å (Figure 4c) , the other two incident dislocations approach the CTB, and the process from Figure 4a Figure 4e ,f, noting that the interaction is accompanied by the nucleation of a 1/6<111> twin boundary dislocation (TBD), which, to our knowledge, is a common type of dislocation in BCC metals [46] . To further study the dislocations-CTB interaction, we show in Figure 4 the sliced atomic configurations on the (110) planes of the sample during nanoindentation. In Figure 4a -f, the absorption, desorption and direct slip transmission of dislocations can be observed clearly. At first, a dislocation with b = 1/2[111] moves towards the CTB, as shown in Figure 4a . Then, the dislocations approaching the CTB are blocked and react with the CTB. As can be seen in Figure 4b (h = 27.95 Å), the blocked dislocation is absorbed by the CTB, resulting in the migration of a segment of the CTB and the formation of a step. It should be noted that at this moment, the dislocation is stored in the CTB, and does not glide into the lower layer. When h = 36.95 Å (Figure 4c) , the other two incident dislocations approach the CTB, and the process from Figure 4a Figure 4e ,f, noting that the interaction is accompanied by the nucleation of a 1/6<111> twin boundary dislocation (TBD), which, to our knowledge, is a common type of dislocation in BCC metals [46] . To penetrate through the CTB, the applied driving stress on the dislocation should be sufficiently large to overcome the repulsion from the CTB [25] . To further explore the effects of the CTB on the dislocations movement, the corresponding distributions of von Mises equivalent stress are calculated and shown in Figure 4g -n, where it can be seen that the stress level inside the dislocation cores is much higher than that in the defect-free region, which implies that the CTB can strongly affect the distribution of the stress in the nt-Ta film, and thus affect the types and motion of dislocations during nanoindentation. The mechanisms of the interaction between dislocation and the CTB are summarized and shown in Figure 5 , where it can be seen that an incident dislocation (Figure 5a ) approaching the CTB is forced to enter the CTB. However, it cannot pass through the CTB and get into the lower layer, because CTB is a kind of high-angle GB. Consequently, the dislocation is absorbed by the CTB (see Figure 2c) , accompanied by the nucleation of a 1/6<111> TBD, as schematically shown in Figure 5b (g-n) . In Figures (a-f) the dislocations activities are indicated by white circles, and the corresponding stress concentration in Figures (g-n) is also indicated by white circles.
Results and Discussion

To penetrate through the CTB, the applied driving stress on the dislocation should be sufficiently large to overcome the repulsion from the CTB [25] . To further explore the effects of the CTB on the dislocations movement, the corresponding distributions of von Mises equivalent stress are calculated and shown in Figure 4g -n, where it can be seen that the stress level inside the dislocation cores is much higher than that in the defect-free region, which implies that the CTB can strongly affect the distribution of the stress in the nt-Ta film, and thus affect the types and motion of dislocations during nanoindentation. To penetrate through the CTB, the applied driving stress on the dislocation should be sufficiently large to overcome the repulsion from the CTB [25] . To further explore the effects of the CTB on the dislocations movement, the corresponding distributions of von Mises equivalent stress are calculated and shown in Figure 4g -n, where it can be seen that the stress level inside the dislocation cores is much higher than that in the defect-free region, which implies that the CTB can strongly affect the distribution of the stress in the nt-Ta film, and thus affect the types and motion of dislocations during nanoindentation. The mechanisms of the interaction between dislocation and the CTB are summarized and shown in Figure 5 , where it can be seen that an incident dislocation (Figure 5a ) approaching the CTB is forced to enter the CTB. However, it cannot pass through the CTB and get into the lower layer, because CTB is a kind of high-angle GB. Consequently, the dislocation is absorbed by the CTB (see Figure 2c) , accompanied by the nucleation of a 1/6<111> TBD, as schematically shown in Figure 5b The mechanisms of the interaction between dislocation and the CTB are summarized and shown in Figure 5 , where it can be seen that an incident dislocation (Figure 5a ) approaching the CTB is forced to enter the CTB. However, it cannot pass through the CTB and get into the lower layer, because CTB is a kind of high-angle GB. Consequently, the dislocation is absorbed by the CTB (see Figure 2c) , accompanied by the nucleation of a 1/6<111> TBD, as schematically shown in Figure 5b 
Conclusions
We performed MD simulation for response of a multilayered nano-twinned tantalum film under nanoindentation to shed light on the mechanisms of the interaction between dislocation loop (DL) and coherent twin boundary (CTB). We observed the formation and propagation of <111> full DLs in the nt-Ta film during the nanoindentation, and concluded the following mechanisms: (i) the absorption of the incident dislocations by the CTB, (ii) the desorption of the dislocations blocked at the CTB, (iii) direct slip transmission when incident dislocations pass through the CTB. It was also found that the CTB can strongly affect the distribution of the stress in the Ta film, and thus affect the types and motion of dislocations during nanoindentation. We schematically illustrated the mechanisms of the interaction between DL and CTB, including the formation of the steps in the CTB and the nucleation of TBDs.
It is well established that the mechanical properties of nanotwinned metals are closely related to the interaction between dislocations and CTB [47, 48] , but many details of this interaction have not yet been well understood in BCC metals. It is noteworthy that the interaction between dislocation and CTB in nt BCC metals may play an important role in the plastic deformation of materials. Therefore, the findings in this work could contribute to the understanding of the underlying interaction between DLs and CTB in nt BCC metals, and help to understand the plasticity, and design the microstructure of BCC metallic films for better performance, such as high hardness and strength.
